We compared the response of ventricular muscle from adult and neonatal rats to hypercapnk acidosis. In adult muscle, acidosis caused an initial rapid fall of developed tension to 30 ± 5 % of control (mean±SEM, n = 6). However, tension recovered slowly to a steady state that was 56 ±6% of control. In neonatal muscle, acidosis caused a significantly smaller initial fall in tension to 43 ±3% (n = 8, p<0.05), but the tension then showed a subsequent slower fall to a steady state that was 29 ±4% of control, significantly less than in the adult (/><0.01). We have attempted to identify the mechanisms underlying these differences hi response. In detergentskinned myofibrils, reducing the pH from 7.0 to 6.5 caused a reduction hi the pCa w of 0.61 units in the adult muscle, but only 0.27 units hi the neonatal ventricular muscle. Myofibrillar Ca 2+ sensitivity hi neonatal ventricular muscle is thus less susceptible to the effects of acidic pH than that of adult muscle. Since intracellular pH decreases rapidly on application of increased external CO 2 , these results are consistent with the finding that, initially, developed tension hi neonatal muscles is less sensitive to the effects of acidosis. Sodium dodecylsulfate gel electrophoresis of myofibrillar preparations from adult and neonatal rats demonstrated differences in thin filament proteins, including troponin I, which may underlie the observed differences in Ca 2+ sensitivity. In adult rat ventricular muscles, the slow recovery of tension during acidosis is associated with an increase i n the amplitude of the Ca 1+ transients to 263 ±34% of control (n = 4). In neonatal ventricular muscle, however, the Ca 2+ transients decreased to 91 ±3% of control during acidosis (n = 3). This difference in Ca 2+ handling probably contributes to the difference hi the slow mechanical response and could be related to the smaller amount of sarcoplasmic reticulum hi neonatal muscle. Our results thus indicate that the difference hi the initial rapid effect of acidosis on neonatal and adult rat heart can be explained by the effects of acidosis on the myofibrils, whereas the difference hi the later, slower changes may be caused by differences in Ca 2+ transport. (Circulation Research 1988;63:779-787) I t has long been known that acidosis is associated with a decrease in the ability of the heart to generate tension. 1 In the case of hypercapnic acidosis, produced by increasing the CO 2 concentration from 5% to 15% in the solution perfusing a papillary muscle, there is initially a rapid fall in developed tension.
I
t has long been known that acidosis is associated with a decrease in the ability of the heart to generate tension. 1 In the case of hypercapnic acidosis, produced by increasing the CO 2 concentration from 5% to 15% in the solution perfusing a papillary muscle, there is initially a rapid fall in developed tension. 2 This is followed by a second phase in which tension slowly recovers to a steadystate level that is less than the control level. In experiments in which the systolic rise in Ca 2+ (Ca 2+ transient) was measured with the photoprotein aequorin, 3 it was found that the initial fall occurs without change in the Ca 2+ transient, while the slow recovery of tension is associated with a concurrent increase in size of the systolic rise of the transients.
Although the mechanisms responsible for these phenomena are not completely understood, there is reason to believe that the effects of acidosis on the myofilaments and sarcoplasmic reticulum (SR) play major roles. The initial rapid fall in tension, which occurs without change in the intracellular Ca 2+ transient, is thought to be due to a reduction in the sensitivity of the myofilaments to Ca 2+ , thus leading to less tension. Studies with skinned-fiber preparations have shown that both maximum tension and Ca 2+ sensitivity are reduced when pH is reduced. 4 The slower recovery of tension in the second phase may be related to increased Ca 2+ accumulated in, and released from, the SR. This interpretation has recently been reinforced by the demon-stration that the recovery phase of tension in adult rat ventricular muscle can be abolished by various interventions known to interfere with SR activity. 3 In the present study, we explored these mechanisms by comparing the effects of acidosis on preparations from neonatal (1-day-old) and adult rat hearts. There is evidence that newborn rabbit hearts are less sensitive than adult hearts to the effects of acidosis. 6 It has also been found that Ca 2+ activation of myofibrils from perinatal dog hearts is relatively insensitive to acidosis. 7 This effect may be related to differences in the isotype population of the thin filament proteins existing in the neonatal heart. 7 In addition, it has been demonstrated that the SR is poorly developed in the ventricular muscle of neonatal mammals. 8 Neonatal heart muscle thus provides a natural variation in SR and myofilament activity that appears useful in the investigation of the response of the heart to acidosis.
Our results show that, compared with the adult, tension development by neonatal rat ventricular muscle is less sensitive to acidosis in the initial rapid phase of the response to increased CO 2 , but more sensitive in the subsequent slower response. 9 -" Studies with detergent-skinned preparations suggest that the decrease in sensitivity to acidosis in the initial phase of the response may be related to differences in the effect of acidosis on tension development of the neonatal versus adult myofilaments. During the slow response to acidosis, tension fell significantly more in the neonatal muscle than in the adult muscle. This difference may be related to a difference in the Ca 2+ transients, which increased in the adult, but decreased slightly in the neonatal heart preparations.
Materials and Methods

Intact Muscle
The adult rats used were 8-10 weeks old and weighed approximately 200 g. Neonatal rats were obtained within 24 hours of birth. The animals were killed by cervical dislocation and the heart was rapidly removed and immersed in Tyrode's solution equilibrated with 5% CO 2 -95% O 2 . The right ventricle was opened and, in the case of adult hearts, a papillary muscle or trabecula of uniform thickness (<1 mm) was chosen. In the case of neonatal hearts, a papillary muscle or ventricular strip was used. The ends of the preparation were tied with 50 /xm silver wire or silk monofilaments. Loops extending from the ties were used to mount the muscle in the experimental chamber. The muscles were superfused with Tyrode's solution at 30° C. The composition of the standard Tyrode's was (in mM): Na + 135, K + 5, Ca 2+ 2, Mg 2+ 1, Cl" 102, HCOj-20, HPO 4 2 " 1, SO 4 2 " 1, acetate 20, glucose 10; and insulin 5 units/1 (40 nM). When equilibrated with 5% CO 2 -95% O 2 , the pH of this solution was 7.36; when equilibrated with 15% CO 2 -85% O 2 , the pH was 6.91.
In four experiments, preparations from neonatal and adult hearts were mounted side by side in the same chamber, which was similar to that described by Blinks. 12 This ensured that during changes of superfusate CO 2 , the muscles were exposed to identical conditions. In experiments in which aequorin was used, individual preparations were mounted horizontally. 3 In both kinds of experiment, the muscles were stimulated by two platinum wire electrodes whose ends approached within 0.5 mm of one end of the muscle. The stimuli were 2 msec pulses at about 1.3 times threshold, given at 1-2 second intervals. The muscle was stretched to the length where developed force was at a maximum. The stimulus and tension signal were amplified and displayed on a pen recorder, and simultaneously recorded on tape for later analysis. Accurate measurements of the cross-sectional area of neonatal preparations are difficult to make because of their small size and irregular contour. For this reason the figures show absolute tension rather than tension per cross sectional area.
Detergent-Skinned Muscle
In some experiments, trabeculae or papillary muscles prepared as described above were detergentskinned after measurements had been made on the intact preparation. In this case, the muscles were mounted in the chamber described in detail by Kentish, 13 and the methods followed were essentially similar. In brief, once measurements on the intact preparation were complete, the Tyrode's solution was cooled to room temperature (20-22° C), and was then replaced with a detergent "skinning solution" consisting of; K propionate 100 mM; BES [N,W-bis-(-2-hydroxyethyl)-2-aminoethanesulfonic acid] 60, K 2 Na 2 ATP 5.2, MgCl 2 6.8 (giving a calculated [Mg 2^ of 2 mM), Na creatine phosphate 10, dithiothreitol 1, K 2 H 2 EGTA 10, and Triton X-100 1% (vol/vol); pH 7.00; pCa>8. The rest of the experiment was performed at room temperature.
The muscles were skinned in the detergent solution for 30 minutes. After skinning was complete, contractures were produced by transferring the skinned preparation to a series of chambers containing solutions in which the free Ca 2+ concentration was varied with CaEGTA buffers between pCa (-logi 0 [Ca 2+ ]) of 4 and 7. Between measurements the preparation was placed in a "high-EGTA relaxing solution", which had the same composition as the skinning solution except that Triton X-100 was omitted, and then in a "low-EGTA relaxing solution" containing 9.85 mM HDTA (1,6-diaminohexane-Ar,7V,7V',Ar-tetraacetic acid) and 0.15 mM EGTA (instead of 10 mM EGTA), in order to wash most of the EGTA out of the skinned muscle; this reduced the time needed to reach a steady tension in the subsequent contraction. Sarcomere lengths were monitored with a helium-neon laser. In adult rat preparations, the sarcomere lengths were between 2.2 and 2.4 /xm. However, in neonatal preparations, diffraction patterns were unsatisfactory, so it was not possible to measure the sarcomere length. This is possibly due to the lower density of myofibrils present in the newborn rat myocardium. 8 So that the sarcomere lengths were as similar as possible, all preparations were stretched to the length at which the Ca 2+ -activated force at pCa 4.0 was maximal.
In six experiments with detergent-skinned trabeculae, their uniform shape allowed measurement of tension per cross-sectional area. In the adult, the maximal Ca 2+ -activated tension per cross-sectional area was 39.9 ±8.6 mN/mm 2 (mean±SEM, n = 3), whereas in the neonate it was 8.7 ±2.2 mN/mm 2 (n = 3). This is also in agreement with the lower density of myofibrils in the neonatal myocardium. 8 Tension-pCa relations were first measured at either pH 7.0 or pH 6.5. They were then measured at the other pH, and again at the original pH. A solution producing maximal activation (pCa 4.0 or 4.5) was applied repeatedly during the experiment to correct for any deterioration of the preparation. All forces were expressed relative to the maximum Ca 2+ -activated tension. Curves were fitted to the results with nonlinear least-squares analysis to produce a Hill plot of form:
where n is Hill coefficient and K is a compound association constant.
Aequorin Light Measurements
The use of aequorin luminescence as a measure of intracellular Ca 2+ ([Ca   2+ ]i) has been reviewed by Blinks et al. 14 The techniques used with adult heart preparations have been described by Allen and Orchard 3 and by Orchard. 5 In brief, aequorin was pressure-injected into 50-100 cells on the surface of the preparation, and the light emission (a measure of [Ca 2+ ];) was monitored with a photomultiplier. It was considerably more difficult to obtain an adequate light signal in the neonatal preparations, presumably due to the smaller size of the cells compared with the adult. Consequently the neonatal preparations required about twice the number of penetrations. Signal averaging of the light signals was performed to improve the signal-to-noise ratio. Because of the pH sensitivity of aequorin light emission, the decrease in intracellular pH in these experiments would be expected to cause a small reduction of about 10% in aequorin light emission (see discussion by Allen and Orchard 3 ). The size of the Ca 2+ transients would thus be slightly underestimated under acidic conditions. Because the aequorin experiments reported here were concerned mainly with qualitative differences, we have not corrected for this effect.
Gel Electrophoresis
Preparations from the right ventricle were skinned with Triton X-100 as described above, and were then examined by polyacrylamide gel electrophoresis in the presence of sodium dodecyl sulfate (SDS), essentially as described by Laemmli.
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Statistics Statistical significance was determined by the two-tailed Student's / test. Figure 1 shows the responses of adult and neonatal ventricular muscle to an increase in CO 2 concentration from 5% (pH 7.4) to 15% (pH 6.9). In this experiment, the muscles were mounted side by side in the same chamber. There was an initial fall in developed tension, which was more pronounced in the adult muscle than in the neonatal muscle. The adult muscle subsequently exhibited a slow, partial recovery of tension, whereas the neonatal preparation showed only a transient recovery, followed by a further decrease in tension in the steady state. Because of the slow changes, the steady-state tension was higher (relative to control at pH 7.4) in the adult than in the neonatal muscle. The mean results, shown in Figure 2 , demonstrated that the higher tension in the initial response of the neonate (43 ± 3% of control, n = 8) was significantly different from the initial response of the adult (30±5% of control, n = 6, p<0.05). Also, the steady-state tension developed by neonatal preparation (29 ±4%, /i = 8) was significantly lower than the steady-state tension in the adult muscle (59 ±6% of control, n = 6, p<0.01). Once the developed tension had reached an apparent steady state, which typically took 5-10 minutes, the muscles were returned to 5% CO 2 superfusate. The subsequent changes in tension were normally the inverse of those seen on application of 15% CO 2 (results not shown), and the final steady-state tension recovered completely to control levels ( Figure  2 ). It was possible to make several (3-5) such exposures to acidosis in each muscle.
Results
Studies with Intact Muscle
CD Adult
We reasoned that the differences between adult and neonatal muscle in the immediate response might be an indicator of differences in the myofibrillar proteins of the two preparations, while the differences in steady-state tension might be related to variations in Ca 2+ handling. To investigate these possibilities, we measured the effect of pH on Ca 2+ activation of myofibnllar tension and the effect of acidosis on Ca 2+ transients. Figure 3 presents averaged data on detergentskinned myofibrillar preparations from adult and neonatal rats. The reduction of pH from 7.0 to 6.5 caused a similar decrease in the maximum Ca 2+ -activated tension at pCa <4.5 (Table 1 ). In the adult, tension declined to 65.7 ±5.8% of control (n = 3), while in the neonate tension fell to 68.4 ± 1.1% (n = 3). In addition, acidic pH also caused a decrease in the Ca 2+ sensitivity of the myofibrils, which is manifested in the shift of the tension-pCa curve to the right. At 50% maximal activation, there was a shift of 0.61 ±0.03 pCa units in the adult (n = 3), but only 0.26 ± 0.02 pCa units in the neonate (« = 3, p<0.001) ( Table 1) . Thus the effect of a reduction in pH on Ca 2+ sensitivity in the neonate was less than half that in the adult. This difference is brought out more clearly in Figure 4 , which shows the same data after normalization of maximum tensions. Figure 4 also demonstrates that myofibrils from the neonate are more sensitive to Ca 2+ than those from the adult: at pH 7.0 the pCajo (pCa at half maximal activation) for adult myofibrils was 5.83±0.06 (Table 1) whereas for the neonate it was 6.18 ±0.01 (p<0.01). At acidic pH this effect was even more marked; the adult pCajo was 5.22 ±0.09, while the neonate value Values are mean ± SEM from three adult and three neonatal preparations.
Myofibrillar Tension Production
•Relative to force at pH 7.0. was 5.91 ±0.03 (p<0.01). A further difference between the adult and neonatal muscles was evident from the curve-fitting procedure. The Hill coefficient, which is a measure of the steepness of the curves, was significantly greater for the neonate than for the adult at pH 7.0 (p<0.05). At pH 6.5 this difference was still present, although no longer significant (p>0.1).
The results of the skinned-fiber experiments suggest that the proteins responsible for Ca 2+ regulation in neonatal myofibrils differ in some way from those of the adult. We investigated this possibility by analysis of the myofilament proteins with SDS polyacrylamide gel electrophoresis. Figure 5 shows SDS gels prepared from adult and neonatal rat right ventricles. These were loaded to approximately the same extent with respect to the density of the myosin light chains. There are obvious differences between the electrophoretic profiles of the two preparations, especially in the case of proteins migrating with a mobility similar to that of troponin I and those migrating to the bottom of the gel, which have previously been identified as thin filamentassociated proteins. 7 Troponin I in the adult prepa- ration ran as two distinct bands with a faint band above them. In the neonatal preparation, however, the troponin I ran as two distinct bands with a faint band below them. These bands have been shown to cross react with a polyclonal antibody to skeletal muscle troponin I and to bind to troponin C attached to an affinity column (P. Kumar, A.F. Martin, and R.J. Solaro, unpublished observations). It thus seems likely that during the development of rat heart, there is a change in isotype population from a troponin I neonatal pattern to an adult pattern, as has been demonstrated in dog heart. 7 Ca 2 * Transients As described above, after the initial effect on tension of exposure to acidic pH, the adult muscle showed a slow recovery of tension, while the neonate, after a brief recovery, showed a slow decline to the steady state. tension, we injected adult and neonatal papillary muscles with aequorin. Figure 6 shows a representative experiment on an adult heart preparation. The results are similar to those previously reported. 35 During the initial rapid fall of tension, there was no significant change in the size of the Ca 2+ transients, whereas during the slower recovery of tension, the Ca 2+ transients showed a monophasic rise. In four preparations, the amplitude of the Ca 2+ transients in 15% CO 2 rose to 264 ± 34% of control (n = 4). There was no indication of this increase subsequently declining, even when experiments involving longer exposures to acidosis (up to 20 minutes) were performed.
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In the neonatal preparations the response was different. A representative example is shown in Figure 7 . Again, no significant change in the Ca 2+ transient is apparent during the initial fall of tension. Figure 7 shows a small increase in the size of the systolic rise of the Ca 2+ transient that roughly correlates with the transient recovery of tension. However, this was not consistently seen. The most dramatic difference of the neonate from the adult muscle response is that during the period when the adult tension recovers and the systolic rise of the Ca 2+ transient more than doubles in size, the neonate tension decreases and the Ca 2+ transient also decreases. In three preparations, the Ca 2+ transients decreased to 91 ±3% of control (p<0.1). Although not statistically significant, this decrease suggests that part of the slow fall of tension in the neonate may be caused by a reduction in the supply of Ca 2+ to the myofilaments. Figure 8 demonstrates that the twitch is slower in the neonate than the adult, as has been previously noted. 16 It can be seen that the time course of the Ca 2+ transient is also considerably slower in the neonate. The time from stimulus to 75% decline of light was 117 ±3 msec in the neonate (n = 3) and 73 ± 5 msec in the adult (n = 4, p<0.001). The slower time course of the Ca 2+ transient in the neonate probably contributes to the slower time course of tension, and may be related to the poorer development of the SR in the neonate.
Our results are different from those obtained by Nakanishi et al, 6 who compared adult and neonatal rabbits. They found that the neonate was less sensitive to the effects of acidosis in the steady state. In three experiments we mounted muscles from neonatal (0-5 -day-old) rabbits and adult rabbits in the same chamber and observed their response to an increase in CO 2 from 5% to 15%. These experiments confirmed the results of Nakanishi et al, 6 in that the neonatal muscle showed a smaller reduction in steady state tension than the adult. There thus appears to be a significant species difference between the rat and rabbit in this respect.
Discussion
We used ventricular preparations from neonatal and adult rats in an attempt to define the mechanisms involved in the response of cardiac muscle to hypercapnic acidosis. It is known from other studies with microelectrodes 17 and with NMR 18 that in the adult heart, application of CO 2 leads to a rapid intracellular acidosis, which is then more or less stable for the relatively short exposures we used. The results show that adult and neonatal hearts differ in both their initial, rapid response and in the slower phase of their response to acidosis. These will be discussed separately.
Initial Decrease of Developed Tension
In adult muscle, the developed tension fell initially to 30% of control levels on exposure to 15% CO 2 . However, in neonatal muscle the tension fell less, to 43% of control. These results are qualitatively consistent with the skinned-fiber studies reported here, which demonstrate that the tension production of neonatal myofibrils, at Ca 2+ concentrations below that needed to saturate the myofilaments, is less sensitive to pH than is the tension production of adult myofibrUs. A more quantitative correlation of these two sets of results is complicated by two factors: intracellular pH buffering and the degree of Ca 2+ activation of the preparations. It is generally agreed that CO 2 rapidly crosses cell membranes and causes a decrease in pH;. 316 This is likely to be true for neonates as well as adults, though the extent to which pHj changes on the application of a given external CO 2 concentration will depend on the degree of intracellular buffering. Because neonatal rat muscle has a much lower concentration of myofibrillar proteins than adult rat muscle it is possible that the intracellular buffering will be lower in the neonate than the adult. If this is true, then pH, will decrease more in the neonate than the adult on exposure to a given level of external CO 2 . The measurements on the intact preparations would then underestimate the difference in sensitivity between the adult and neonate. Nakanishi et al, 6 from titration measurements made on preparations of homogenized adult and neonatal rabbit heart, have suggested that the buffering capacity may be greater in the neonate. However, there is a clear species difference between the rat and rabbit in the response of neonatal muscle to acidosis (see "Results"), and perhaps a difference in buffering is part of the explanation.
At maximal Ca 2+ activation of the skinned muscles, a reduction of the pH from 7.0 to 6.5 causes a reduction of developed tension to approximately 65% of control in both the adult and the neonate. At 50% maximal activation, however, the same pH change causes the adult tension to decrease to about 5% of control, but the neonate decreases to only 15% of control ( Figure 3) . It is thus clear that the degree of activation of the muscle can have a considerable quantitative effect on the result observed. Added to this is the fact that at pH 7.0 the higher Ca 2+ sensitivity of the neonatal myofilaments, as compared with the adult myofilaments, would cause them to be more fully activated (and so less sensitive to pH) for a given systolic rise in Ca 2+ . Thus, although it is not possible to correlate quantitatively the intact preparation results with the skinned-fiber studies, the results are consistent with the hypothesis that the initial fall of tension is smaller in the neonate than in the adult because of a difference in the myofibrillar proteins.
On the basis of studies with adult and perinatal dog hearts, Solaro et al 7 have suggested that the difference in pH sensitivity of adult and neonatal myofibrils resides in the thin filaments. Using SDS gel electrophoresis, they detected differences in the troponin I and thin filament proteins between neonatal and adult dog heart muscle, although troponin C showed no changes. The gels of rat heart muscle ( Figure 5 ) confirm this finding. There are differences in the troponin I pattern, and in the bands tentatively identified by Solaro et al 7 as thin filament proteins. Which of these is most important in determining the myofibrillar pH sensitivity remains to be established. It is of interest that during development the pH sensitivity of pCa^ decreases, while that of maximum tension development remains the same (Figure 3 ). This suggests that the effects of pH on pCaso and maximum tension may involve different mechanisms.
We did not detect any changes in the Ca 2+ transients during the early period of exposure of neonatal muscle to 15% CO 2 when tension fell rapidly. This result agrees with previous findings on adult preparations. 3 Although it is expected that an acidosis will be associated with a decrease in Ca release from the SR and a decrease in Ca 2+ bound to the myofilaments. 5 However, the fact that developed tension is reduced in the presence of an unchanged [Ca 2+ ]i is consistent with the hypothesis that the initial effects of acidosis are mediated directly via the myofibrillar proteins.
Slower Changes of Developed Tension
After the initial decrease of developed tension, adult rat muscle showed a recovery that was correlated with an increase in the size of the systolic rise of the Ca 2+ transients, as described previously. 3 The mechanism that underlies this increase is not clear, but may be related to an increased resting [Ca 2+ ]| caused by acidosis. 20 This could be due to displacement of Ca 2+ from intracellular stores or buffers by hydrogen ions, or to an increased Ca 2+ influx, or to decreased efflux across the surface membrane. An increased resting [Ca 2+ ]j would lead to greater uptake by the SR and hence greater Ca 2+ transients.
In contrast, neonatal muscle showed a quite different response. After a transient recovery, the tension showed a decline to a steady-state level, and this was associated with a small (although not statistically significant) decrease in the amplitude of the Ca 2+ transients. A most striking difference between adult and neonatal rat ventricular muscle is the greatly reduced myofibrillar protein content and SR content in the neonate. 8 It seems possible that these differences underlie the observed difference in response. Our finding that the time course of the Ca 2+ transient in the neonate is longer than in the adult ( Figure 8 ) is consistent with the hypothesis that the neonate has less functioning SR.
There are a number of mechanisms that could account for the differences in steady-state responses between adult and neonatal muscle. It is known that the slow inward current is reduced by acidosis. Comparison of the effects of acidosis on adult and neonatal rat ventricular muscle suggests that the smaller initial response in the neonate can be accounted for by the reduced effect of acidosis on the Ca 2+ activation of the myofilaments. However, the steady-state tension, which is lower in the neonate than in the adult, cannot be explained by the differences in myofilament properties, but may be due to the slow changes in the magnitude of the Ca 2+ transient.
